ABSTRACT The inter-satellite links (ISLs) will play an increasingly important role in improving the service performance and enhancing the survivability of global navigation satellite systems. The current signal transmission schemes in ISLs primarily employ constant coded modulation to guarantee a high reliable communication even for the worst channel status, and the adaptive coded modulation (ACM) schemes, such as binary low-density parity-check (LDPC) coded quadrature phase shift keying or M -ary quadrature amplitude modulation (M QAM) have been introduced to improve spectral efficiency over inter-satellite channels recently. However, the phase discontinuity of the above modulations will widen frequency spectrum and cause the high-voltage transient of transmitter, and the M QAM signal through high power amplifier onboard will result in non-linear distortion because of non-constant envelope. In this paper, the association between non-binary LDPC codes and high-order partial response continuous phase modulation with iterative detection is presented as the source of ACM schemes, which effectively inhibits information loss in the process of conversion between bit and symbol probabilities. According to the constellation of BeiDou navigation satellite system in 2020, an open loop ACM control mechanism based on inter-satellite distance is introduced, and implemented by the target bit error rate (BER) and the maximum ratio between the throughput and bandwidth algorithms. Simulation results show that the proposed ACM scheme can reduce the BER and improve the power efficiency in the requirement of target BER limit, and provide a higher spectral efficiency under the same transmitting power compared with the existing ACM scheme.
I. INTRODUCTION
Inter-satellite links (ISLs), also known as crosslinks, will be a promising technology to improve the reliability and integrity for global navigation satellite systems (GNSSs) [1] . By relying on the ISLs, a satellite navigation system can realize autonomous navigation, which means less dependence on ground facilities [2] . Under the support of ground infrastructures, orbit determination accuracy is substantially enhanced by combining ISLs and ranging observations from ground infrastructures. In addition, the interchange network composed of satellite-ground links and ISLs can also reduce the complexity and cut down operating cost in ground segment of GNSS. Although BeiDou navigation satellite system (BDS) has achieved considerable progress, it is still facing some difficulties and challenges due to a limited number of satellites, the current shortage of facilities and poor geometric distribution [3] . Introducing ISLs is a novel method to improve service quality and performance, therefore the next generation BDS will be a new system of navigation signal and ISLs.
ISL as a 'bridge' between two space vehicles is applied to transmit various information including system data, ranging data, clock errors and so on. Its main function is intersatellite ranging and communication [4] . At present, GNSSs are generally equipped with two kinds of channels that are the low rate omnidirectional telemetry, tracking, & Command (TT&C) channel and high rate data service channel by which to realize the functions measurement & control and data transmission separately. However, TT&C system and communication system are mutually independent, and the repeated construction is evidently harmful to economic benefits. Moreover, business users have different requirements for TT&C datum, and coordination work is quite complicated. The above two channels integration is an effective means to simplify the equipment onboard, improve the electromagnetic compatibility, reduce power consumption and save frequency resources, and the core issue in the combination is to design an integrated signal model with dual functions of ranging and communication. It is speculated that ISLs in the future GNSSs will be an integration of ranging and communication and thereby realize autonomous navigation [5] .
The compound of ranging and communication is not a simple function overlay but a deep fusion, which primarily involves the design of channel coding, modulation, ranging code, carrier frequency and so on, and modulation scheme is one of the research emphasis. Continuous phase modulation (CPM) [6] has aroused extensive attention from scholars at home and abroad due to the characteristics of constant envelope and continuous phase, which can effectively inhibit nonlinear distortions and obtain high spectral efficiency with compact power spectral density (PSD) [7] , [8] . CPM has been widely used in many systems by now, such as satellite communications [9] , [10] , satellite mesh networks [11] , [12] , digital video broadcasting (DVB) [13] , [14] , fiber-optical communications [15] , telemetry [16] , [17] , and so on. In addition, our previous research results have indicated that certain CPM solutions can not only meet the compatibility requirement in the band S or C and reduce the complexity of user terminal, but also provide a better performance in the aspects of tracking precision, multi-path mitigation and antijamming compared to other modulation candidates [18] , [19] . Consequently, it is feasible to design an integrated signal model of communication and ranging based on the CPM signals.
The distance between two satellites is changing with the relative motion, and power attenuation may vary greatly with inter-satellite distance. The maximum deviation of power loss is up to 20 dB. To ensure the reliability of signal transmission at the farthest distance, ISLs usually adopt a constant coded modulation (CCM) in the whole constellation to cope with the worst-case scenario, which inevitably results in system resource waste when the inter-satellite distance is getting shorter. For improving spectral efficiency over inter-satellite channels, [20] has employed the adaptive coded modulation (ACM) schemes i.e. binary low-density parity-check (LDPC) coded quadrature phase shift keying (QPSK) and M -ary quadrature amplitude modulation, and the throughput of the ACM scheme is nearly six times that of the CCM (QPSK and LDPC code rate 1/2). However, the phase discontinuity of legacy modulations will widen frequency spectrum and cause the high-voltage transient of transmitter, and the QAM signal through high power amplifier (HPA) onboard will cause non-linear distortion because of non-constant envelope. Besides, the scheme of binary LDPC coded highorder modulations would face with a difficult problem that is significant information loss in the process of conversion between bit and symbol probabilities [21] . In view of these problems in binary LDPC coded QPSK or M QAM, nonbinary LDPC (NB-LDPC) codes combined with high-order partial response CPM (PRCPM) are introduced by this paper as the source of ACM schemes.
The rest of this paper is organized as follows. Section II mainly elaborates the relationship between the received signal-to-noise ratio (SNR) and inter-satellite distance. An ACM scheme based on q-ary LDPC coded PRCPM for ISL communication is proposed in Section III, including basic principle of CPM, system model of the proposed scheme, and CMS selection and switching algorithm. Simulation results are discussed in Section IV. Finally, we conclude the paper in Section V.
II. THE FUNCTIONAL RELATIONSHIP BETWEEN THE RECEIVED SNR AND INTER-SATELLITE DISTANCE A. INTER-SATELLITE DISTANCE IN BDS
It was officially reported that China launched more than 23 satellites by the end of 2016, including 5 Geostationary Earth Orbit (GEO), 5 Inclined Geosynchronous Orbit (IGSO) and 9 Medium Earth Orbit (MEO) satellites. The whole China and most Asia-Pacific regions can enjoy navigation service with positioning accuracy of better than 10 meters, speed of 0.2 m/s and time of 50 ns [22] . The ultimate constellation consisted by 5 GEO satellites, 27 MEO satellites and 3 IGSO satellites will be accomplished by 2020 [23] - [25] . The GSO satellites are located at 58.75 • E, 80 • E, 110.5 • E, 140 • E and 160 • E separately. The inclination of the MEO satellite relative to the equatorial plane is 55 • . The three IGSO satellites will move at an inclination of 118 • E with an inclination of 55 • [26] . According to [27] , the semi-major axis of GSO, IGSO and MEO are 42157.4 Km, 42157.4 Km and 27899.4 Km separately. In this paper, the final version of BDS with 35 satellites in the whole constellation is considered, as shown in Figure 1 .
According to orbital altitude, ISLs can be classified into two groups: intra-layer ISLs with the same orbital altitude (MEO-MEO, GSO-IGSO) and inter-layer ISLs with different orbital altitude (IGSO-MEO, GSO-MEO), where the former can be divided into intra-plane ISLs and inter-plane ISLs [20] . More details about inter-satellite distance in the constellation are shown in Table 1 . As we see from Table 1 that inter-satellite distance varies dramatically. The maximum value of inter-satellite distance is up to 68840.76 Km, and the minimum inter-satellite distance reaches up to 4567.50 Km. 
B. PROPAGATION LOSS IN FREE SPACE
Rain attenuation is seen as the dominant damage in the satellite-to-ground communication link because it gives rise to the maximum amount of loss [28] . Besides rain attenuation, transmitting time-delay and ranging error caused by the earth atmosphere under Ka would be relatively huge. By contrast, the major communication loss of satellite-tosatellite link is free space propagation loss which is largely dependent upon inter-satellite distance. According to [29] , a formula is given for calculating the free space propagation loss, i.e.
where the d is the inter-satellite distance, λ is the carrier wavelength, f is the carrier frequency, and c is the speed of light. ISLs tend to use the same frequency band as satellite-toground links, and frequency band has been transited from ultra high frequency (UHF), L, S and C to Ka and V gradually because of huge communication capacity, strong antiinterference ability, fast transmission speed, and so on. The GPS III plans to increase Ka band ISLs and realize satellite-earth integration by combining ISLs with high speed uplink and downlink, which will be able to ''contact one satellite, contact all satellites.'' [30] . So Ka band (30/20 GHz) is assumed to utilize in the ISLs of the future BDS.
As shown in Table 2 , the free space propagation loss is getting bigger with the increasing of frequency at the same intersatellite distance. It is noteworthy that the differential value of free space propagation loss between the maximum and minimum inter-satellite distance is more than 23 dB when the carrier frequency f is varied from 20 GHz to 30 GHz, which means link margin is relatively great at short inter-satellite distance. For a fixed coded modulation, there is a waste of spectrum resources. From this point of view, ACM technique is an effective ways to improve the spectral efficiency. 
C. SNR ESTIMATION BASED ON THE INTERSATELLITE DISTANCE
ACM is an important and efficient link adaptive transmission strategy, whose components are shown in Figure 2 . The transmitter of ACM can flexibly adjust coded modulation scheme (CMS) including coding type, code length, code rate, modulation mode, modulation order, etc. according to channel status delivered by channel estimator in the receiver [31] . The transmission scheme dynamically match channel states for taking full advantage of the channel capacity while maintaining the same transmitted power. Note that the feedback channel is a bridge connecting the receiver and transmitter, and the control mechanism of ACM is a closed loop. The closed loop control mechanism seems surface to be unsuitable for ISLs in GNSSs. However, any satellite in the constellation usually stores the almanac of all satellites, and the location of each satellite at any moment can be calculated through the almanac. Once the position of two satellites is known, the inter-satellite distance between two satellites can be easily calculated. Since the transmission loss mainly originates from the free space path loss, the SNR at the receiving terminal can be estimated according to the inter-satellite distance [20] . Each satellite can estimate the channel states individually using almanac of all the satellites, and the feedback channel is not necessary anymore. Through the above analysis, we can see that open loop control mechanism is feasible for ISLs.
The signal transmission loss on the ISLs is mainly made up of free space path loss, antenna pointing loss, polarization loss and so on, and free space path loss in the signal transmission loss counts for a dominant proportion. Based on the free space propagation formula provided by [29] , the received signal power P r is provided as follows:
where P t is the emission signal power, G t is the emitting antenna gain, G r is the receiving antenna gain, d is the distance between two satellites, λ is the wavelength of carrier [20] , and P t G t is also denoted as effective isotropic radiated power (EIRP). The receiving normalized SNR, i.e. E b /N 0 can be expressed as
where E b is the energy of one bit, N 0 is the noise PSD, R is the rate of information, K is the Boltzmann constant, T is the noise temperature of the receiver. Equation (3) can also be converted into a dB level version, and described as
The receiving antenna gain G r can be calculated by
where G/T is the quality factor of the receiving antenna, T r is the system noise. L 0 is defined as system margin and should be greater than other loss except path loss. According to [20] , L 0 is set as 5 dB. The E b /N 0 is rewritten as
It must be pointed out that not all satellites in view could be ISL connected. The antenna pattern, radiation angle, transmitting power of satellite as well as modulation scheme are important factors for establishing ISLs. In this paper, we focus on the ACM scheme based on CPM applied to ISLs that have already been built up.
III. INTER-SATELLITE ACM COMMUNICATION SYSTEM A. CONTINUOUS PHASE MODULATION (CPM)
Some attractive modulation options have emerged for ISLs communication, the prominent role is played by QPSK and M QAM. But phase discontinuity of the two modulations would widen frequency spectrum and cause the high-voltage transient of transmitter. Besides, the M QAM signal through high power amplifier (HPA) onboard will result in nonlinear distortion because of non-constant envelope. CPM is a class of constant envelope modulation that offers a relatively low spectral occupancy by introducing inter-symbol interference [32] . The characteristics of constant envelope and continuous phase make it very suitable for bandwidth-limited systems with nonlinear power amplifiers, for instance, satellite communication and satellite navigation. CPM is more than just a digital modulation, which is actually a combination of coding and modulation, i.e. a cascade of a time-invariant continuous phase encoder (CPE) and a time-invariant memoryless modulator (MM) [33] . Based on construction's feature of CPM, some researchers introduced a series of channel codes to connect with CPM for improving power efficiency. The concatenation of channel codes and CPM is commonly known as serially concatenated CPM (SCCPM). In order to improve BER performance and bandwidth efficiency, a few of forward error correcting (FEC) codes with excellent performance, such as turbo [34] and LDPC code [35] , have been applied to CPM. However, binary channel coding concatenated high-order CPM would suffer from serious information loss in the mutual conversion of bit and symbol probabilities. Beyond that, convergence threshold of the concatenation is still higher than the Shannon limit. To solve this problem, we employ q-ary (q ≥ 2) LDPC coding as the external code in this paper.
The expression of CPM signals in time-domain [6] is defined by
where E s is the energy per symbol, T is the symbol period, f 0 is the carrier frequency, ϕ 0 is the initial phase offset which can be set to zero for coherent transmitting, and ϕ (t, α) is the information carrying phase denoted as
where α is the sequence of the M -ary symbols (α i ∈ {±1, ±3, · · · , ±(M − 1)}), h is the modulation index and can be denoted as h = m/p (m and p are relatively prime positive integers), q(t) is the integral of a positive normalized frequency pulse g(t), and g(t) is nonzero for L symbol periods, with a fully response for L = 1 and a partial response for L > 1. The g(t) can be a form of rectangular (REC), raised cosine (RC), or Gaussian minimum shift keying (GMSK) pulse and so on. Through (8) Reference [33] defined the physical tilted phase as
where
is a modulo-x function and W (τ ) is a data-independent function expressed as follows:
Combining (7), (8), (9) and (10), the modulated CPM signals are obtained as follows:
where offset carrier
. Through (9) we can observe that the modulated signal is entirely determined by the current symbol U n , the L − 1 previous data symbols If M is assumed even, [36] has derived the autocorrelation function of CPM signals as follows:
where τ is the correlation time, and x is the maximum integer below x. Based on the Wiener-Khintchine theorem, the PSD of CPM can be calculated by the Fourier transformation of (τ ), i.e.
with ψ(jh) = sin M π h/M sin π h. From (13) we can see that the spectrum characteristics of CPM all depends on M , L, h and g(t). As we know, the power of QPSK and M QAM within the first zero bandwidth makes up 90 percent of the total power. In order to maintain the effective power consistency, we can take advantage of (14) to calculate the bandwidth of CPM signals indirectly, i.e.
B
. STRUCTURE OF INTER-SATELLITE ACM COMMUNICATION SYSTEM
CPE can be considered as a convolutional code with a code rate of ''1'' due to the characteristics of memory and recursion. Figure 3 shows the transmission scheme of q-ary LDPC coded M -ary CPM over an additive white Gaussian noise (AWGN) with iterative decoding. The specific serially concatenated CPM can be established by combining q-ary LDPC code with CPE which can be viewed as an inner code. If code rate γ and codeword length Y of LDPC code have been given, a sparse parity check matrix
is needed to provide. The generator matrix G can be obtained through Gaussian elimination if the H is a largescale sparse matrix. At the transmitter, binary information sequence b is converted into information symbol sequence
is then sent to interleaver and symbol mapping (e.g. Gray mapping) which is not necessary if the finite field size of the NB-LDPC encoder is equal to the alphabet size of CPM. The output of symbol mapper U i is delivered to M -ary continuous phase modulator, then the modulated sequence s(t, U) is transmitted to an AWGN channel. For simplicity in the design, the module of symbol mapping can be eliminated as long as q is equal to M .
Compared to the traditional receiver, the most prominent feature of the investigated receiver is to adopt an iterative structure which mainly composes of two soft-input soft-output (SISO) decoders. The one decoder is for the inner CPE, the other is for the outer q-ary LDPC encoder.
The detection of demodulation and decoding is implemented by iteration described as 'outer iteration' between CPM-SISO and LDPC-SISO. The Log-MAP algorithm is adopted by the CPM-SISO. A log-domain belief propagation decoding algorithm based on fast Fourier transform simplified as Log-FFT-BP [37] is employed by the LDPC-SISO, where iteration in the decoding process is described as 'inner iteration'. In our simulation, inner iteration is carried out five times per outer iteration. The SISO module takes in a priori probabilities of both information and code symbols by two input ports, then exports a posterior probabilities (APPs) of both information and code symbols [38] through two output ports. Finally, the decision device selects the largest information symbol of APP in the last iteration.
As we know, GPS is the only navigation constellation in orbit to install the transceiver equipment onto ISLs from the beginning of Block IIR, and a preliminary ISL network has been established. Unfortunately, each satellite in the constellation only connects with few designated satellites. The fully connected network will be realized with the development of relevant techniques, the network communication performance depends on single ISL's performance. Thus we simply consider the communication scheme in point-to-point link in this paper.
The open loop control mechanism of the proposed ACM scheme can be carried out by several steps as follows:
(1) In the initial state, the whole satellites in the constellation are by default set to the most reliable coded modulation scheme (CMS) which only supports the lowest transmission efficiency rate regardless of the distance between two satellites.
(2) Over the initial state, the distance between two satellites can be calculated if the almanac is available for the sender and receiver, and CMS is flexibly updated on the basis of inter-satellite distance. To be specific, the function relation between channel state and candidates is established according to the inter-satellite distance, and the guiding principle of CMS selection is that a CMS with a higher spectral efficiency will be adopted when the distance is getting closer. More details about CMS selection are shown in the Section 3.3. If the almanac is not available or expired, the default CMS is recovered to use instead.
(3) The configuration information of the selected CMS will be delivered to the receiver by pilot signal, and the information data through corresponding coding and modulation is sent to receiver by the data signal.
(4) The receiver obtains the CMS used by the sender from the pilot signal [20] .
(5) The data is recovered by the receiver using the information of CMS.
(6) Repeat steps (2)∼(5).
C. CMS SELECTION AND SWITCHING ALGORITHM
In the ACM system, an appropriate CMS should be picked up from scheme library according to the current channel status. From the analysis in the Section 2.3, we have realized that the transmission loss is approximately equal to the free space propagation loss. Meanwhile, SNR at the receiving end can be calculated by inter-satellite distance. Therefore, the switching strategy of different CMS can be formulated on the basis of inter-satellite distance, as shown in Figure 4, , and (D, Max] to correspond to candidates from CMS 1 to CMS 5 respectively. CMS 1 is the default scheme after initialization, if the almanac on the satellite is available, the scheme updating from CMS 1 to others is implemented on the basis of inter-satellite distance d.
As a general rule, the binary channel coded high-order modulation scheme will suffer from serious information loss in the interconversion between bit probability and symbol probability. To address the problem, we employ the combination of q-ary LDPC codes and q-ary PRCPM to inhibit information loss as the result of using symbol probability directly rather than the interconversion of them. The CMS 1, CMS 2, CMS 3, CMS 4, and CMS 5 are five associations of q-ary LDPC coded PRCPM. The power and spectral efficiency is influenced by the parameters of coding and modulation mainly including code rate γ , frequency pulses g(t), symbol periods LT , modulation index h and modulation order M . For example, a greater h will substantially improve the power efficiency at the cost of spectral efficiency while maintaining other parameters the same. Similarly, increasing M would improve the power efficiency and extend spectral occupancy at the same time. From (13) we can observe that increasing L or selecting a smooth g(t) can effectively reduce the side lobe level, and enable most of the energy into the main lobe, which could lead to a rise in BER and reduces the power efficiency. A lower code rate will contribute to obtain the coding gain and result in a reduction in spectral efficiency at the same time. Besides the power and spectral efficiency, the implementation complexity of the whole system has to be considered and mainly primarily depends on CPM demodulator complexity which mainly lies on the number of matched filters. The modulation index h is a rational number of h = m/p where m and p are relatively prime integers as described above, the complexity can be represented as pM L−1 . On the whole, these parameters should be designed comprehensively and give consideration to the power efficiency, spectral efficiency and implementation complexity.
An ACM scheme originated from several binary LDPC coded QPSK and M QAM is proposed by [20] for GNSS ISL's communication, as shown in Table 3 . The five CMSs in Table 3 are regarded as the reference schemes in the course of parametric design process of q-ary LDPC coded PRCPM. In order to reduce the implementation complexity, this paper analyzes all CPM schemes subject to the constrain on p ≤ 10, L ≤ 2 and M ≤ 8. In addition, different parameters of q-ary LDPC coded PRCPM schemes should provide superior performance in terms of power and spectral efficiency. Another five CMSs based on q-ary LDPC coded PRCPM are proposed to correspond to the five reference CMSs. More details are exhibited in Table 4 .
The distance d between two satellites will determine a rational selection of CMS, and the CMS remains the same until the parameter d exceeds the setting threshold. In the meantime the state machine moves into a new state, and a different CMS is implemented. In this paper, two CMS switching algorithms named the target BER and maximum ratio between throughput and bandwidth (T/B) are introduced. Both of the adaptive algorithms are divided into four thresholds. The main difference of two algorithms is the derivation of threshold, and the specific value of the threshold has a strong influence on the ACM performance. Moreover, the threshold value can be flexibly adjusted according to the throughput of different user. The throughput is given by [20] as follows:
where R is the rate of the information and FER is the frame error rate. In order to achieve high quality of service (QoS), the BER of some systems needs to be lower than the specific value which is called as the target BER. If more than one CMS meets the BER requirement, a CMS with the maximum spectral efficiency will be chosen. If the target BER has been given, the E b /N 0 switching thresholds for coding and modulation can be acquired by simulation experiments. By contrast, the maximum T/B algorithm seeks the high transmission efficiency no limitation on BER. The details of the relationship between the inter-satellite distance and two CMS switching algorithms are exhibited in the Section IV.
IV. SIMULATION RESULTS AND ANALYSIS
The section mainly tests the validity of the proposed ACM scheme based on q-ary LDPC coded PRCPM applied in GNSS ISLs. Compared to the CMSs in [20] and the CCM (QPSK and LDPC code rate 1/2), the proposed scheme over an AWGN channel is evaluated by Monte Carlo simulations using MATLAB. In simulations, the inter-satellite distance in the constellation of BDS in 2020 with 35 satellites is considered. The carrier frequency is set to 30 GHz. EIRP and G/T are equal to 39 dBW and 2 dB/K separately. The binary information frame length is 600 bits, and the value of q is taken to 2, 4, and 8 respectively. In the q-ary LDPC encoder, it is assumed that q is always equal to M , which would mean the module of symbol mapper in Figure 3 is unnecessary. The H with lower triangular is derived byquasicyclic (QC) algorithm, and the G is obtained through Gaussian elimination [39] , [40] . The q-ary LDPC codes employ Table 4 . At last, the outer and inner iteration number are set to 8 and 5 respectively.
The target BER algorithm is fit for high QoS systems whose reliability should be guaranteed. In this paper, the target BER is set at 10 −5 . The Figure 5 shows the BER performance versus E b /N 0 for the proposed ACM scheme. We can observe from Figure 5 that all the alternatives based on CPM in the proposed ACM scheme could meet the requirement of BER limit when E b /N 0 is in a certain region. In order to guarantee the uniqueness of scheme switching, the values of E b /N 0 at BER = 10 −5 for different candidate do not coincide with each other. Each CMS in the proposed ACM scheme has a lower BER than the corresponding candidate in the reference scheme. For example, the E b /N 0 value of the reference CMS 5' i.e. binary LDPC coded 64QAM with code rate 5/6 is 16.62 dB when BER is equal to 10 −5 , and the proposed CMS 5 (8M 2REC-3/4) just needs 16.33 dB at the same BER, which makes the latter have a gain of 0.29 dB. The gains of other proposed CMSs are larger than 0.29 dB and the maximum gain in the CMS 3 is approximately up to 1.60 dB. As a whole, the proposed ACM scheme shows a lower demand on E b /N 0 than the reference one while achieving the target BER, which indicates the proposed ACM scheme can improve the power efficiency effectively under the same conditions. Finally, the inter-satellite distance interval for different CMS can be calculated by (6) if the switching region about E b /N 0 is determined. More details about distance intervals are listed in Table 5 .
The maximum T/B algorithm is proposed to maximize the total link throughput no restriction on the target BER. Although the transmission efficiency is effectively improved, the reliability could be getting worse. Thresholds for the parameter E b /N 0 are those values for which the T/B curves related to different CMS are overlapped ( Figure 6 ). The aim is to select, for each frame and E b /N 0 value, the modulation order and the coding rate that maximize the total T/B. The final result is that the most efficient scheme in terms of T/B for E b /N 0 value is selected [41] . As shown in Figure 6 , the E b /N 0 thresholds can be derived from the cross-points of CMS T/B curves. For instance, for values between 3.98 dB and 7.95 dB, the proposed CMS 2 (4M 2RC-3/4) is the best choice because of the maximum T/B. If value exceeds the threshold limit, another CMS is put to use instead. When is greater than 14.56 dB, the CMS 5 (8M 2REC-3/4) will be taken into account with the spectral efficiency 4.33 bit/s/Hz.
We also note from the Figure 6 that the maximum T/B of each CMS in the proposed ACM scheme is larger than the corresponding candidate in the reference scheme, and the former has a lower demand of E b /N 0 at the same T/B than the latter. For instance, the proposed CMS 1 and the reference CMS 1' need 2.8 dB and 4.2 dB to reach the maximum T/B separately. We also note from the Figure 6 , Table 3 and 4 that the spectral efficiency of CMS 1 is 1.66 times that of CMS 1', and the spectral efficiency gap between the two corresponding candidates is greater than 1.66 times. In other words, the proposed ACM scheme can significantly improve the spectral efficiency under the same transmitting power compared to the reference ACM scheme, which means the former is superior to the latter on the effectiveness of data delivering under the same circumstances. Likewise, the inter-satellite distance intervals corresponding to all CMSs can be calculated according to (6) , as shown in Table 6 . Figure 7 shows BER curves versus E b /N 0 for the three schemes including the proposed ACM, the reference scheme and CCM. It can be seen from Figure 7 that the reference ACM and CCM have the same BER performance when E b /N 0 is in the range of 0∼4.2 dB, and the proposed ACM requires less E b /N 0 to obtain the target BER limit than the reference ACM and CCM at the same region of E b /N 0 . We also observe from Table 5 and Figure 7 that each candidate in the proposed ACM scheme needs less E b /N 0 value than the corresponding candidate in the reference scheme to meet the requirements of target BER, which implies the proposed ACM scheme could save the transmitting signal power and improve the power efficiency at the same BER level compared to the reference one. Figure 8 illustrates the T/B curves versus E b /N 0 for the three schemes. It clearly appears that the reference ACM and CCM have the same T/B performance when E b /N 0 is below 5.13 dB, over this threshold, the reference ACM has a better T/B performance than CCM. We also observe from Figure 8 , Table 3 and Table 4 that the candidate in the proposed ACM scheme can obtain a higher spectral efficiency than the corresponding candidate in the reference scheme, the spectral efficiency gap of the corresponding alternative CMS between the two schemes is from 1.66 times to 2.74 times. Though the above analysis we deduce that the proposed ACM scheme can significantly improve the spectral efficiency under the same transmitting power compared to the reference ACM scheme.
V. CONCLUSION
The application of ACM technique for GNSS ISLs communication has been investigated in this paper. In the existing ACM solutions, the binary channel coded high-order modulation scheme would suffer from serious information loss in the interconversion between bit probability and symbol probability. Aiming at the issue, an ACM scheme with iterative detection and decoding based on q-ary LDPC coded PRCPM for ISL communication is proposed, where the adaptive processing mechanism is implemented by two algorithms, i.e. the target BER and the maximum T/B. The former is suitable for high QoS systems whose reliability should be guaranteed, and the latter pursues the high efficiency no limitation on BER. Simulation results over an AWGN channel based on MATLAB software show that compared to the reference ACM scheme, the proposed ACM can improve the power efficiency and reliability of information transmission, but also provide a higher spectral efficiency under the same transmitting power. Besides, every candidate in the proposed ACM scheme maintains the constant envelop and phase continuity characteristics of CPM, which enables the nonlinear power amplifier to operate near saturation and attains a low spectral occupancy property.
